control of breathing; respiratory rhythm generation; breathing pattern; episodic breathing; pulmonary mechanics; peripheral chemoreceptors THE AUGUST KROGH DISTINGUISHED Lecture of the Comparative and Evolutionary Physiology Section of the American Physiological Society was named in honor of one of the forefathers of our field. August Krogh, following in the footsteps of Claude Bernard, was a strong proponent of the use of animal species as a tool for unraveling the mysteries of how animals (including humans!) work. In 1865, Bernard wrote: "Among all animals on which physiologists may experiment, some are better suited than others, depending on the problems to be studied." Some 64 years later in 1929, Krogh wrote: "For such a large number of problems there will be some animal of choice, or a few such animals, on which it can be most conveniently studied." This shared philosophy has come to be known as the Krogh Principle (for a review, see Ref. 46 ). Krogh himself employed this strategy for animal studies leading to the discovery of the mechanism of regulation of the capillaries in skeletal muscle for which he received the Nobel Prize in 1920. Other early examples of this principle in action were the use of the squid giant axon for many seminal studies of electrophysiology and of the marine snail Aplysia for studies of neuronal integration. More recently, this approach has given rise to the use of Escherichia coli, fruit flies, nematodes, zebrafish, and transgenic mice for studies of the genetic basis of physiological function. Germaine to this review, Krogh's research also gave rise to a monograph entitled The Comparative Physiology of Respiratory Mechanisms published in 1941 (55) . Much has transpired since then, and comparative studies continue to contribute significantly to our understanding of the fundamentals of respiratory control. This review will focus on some of the more recent ones and, in the spirit of past Krogh Lecture Reviews, it will use this research to foster speculation highlighting new questions and encouraging further research.
noteworthy. Rhythm-generating circuits are very common in the developing hindbrain: in every pair of rhombomeres (in association with the nuclei of all cranial nerves with motor outflow) and in every spinal segment (Fig. 1) . Thus, rhythm generators can be found in association with all of the major branchiomeric and hypobranchial muscles (35, 95) . Rhythmic activities are also very common in the central nervous system (chewing, swallowing, suckling, breathing, and locomotion), and most recruit common motor pathways (4, 5, 96) . In this context, it is worth remembering that the gas exchange surfaces and respiratory pumps in all vertebrates are derived from structures and pumps initially associated with feeding (48) . For example, the pharyngeal slits and buccal pump that give rise to the gills and respiratory pump in fish first evolved for filter feeding. These pump muscles are innervated by the Vth and VIIth cranial nerves whose motor nuclei originate in the pons and medulla in mammals. In mammals, many of the nuclei within the pons, including those associated with respiration, are also integrating sites associated with feeding, swallowing, and gustation (40, 52, 53, 57, 108) . Given the evolutionary origins of the respiratory pumps from feeding mechanisms, and the need to coordinate feeding, chewing, swallowing, vocalization, and breathing, it is tempting to speculate that the rhythm generator(s) for breathing also arose from, and remain integrated with, those for feeding (chewing, suckling, and swallowing). The extent to which this is true and to which the different rhythm generators share common elements remains an intriguing question.
Multiple "Segmental" Rhythm Generators
Through evolution there is a caudal shift in the predominant respiratory rhythm-generating site. All sites, however, may still be capable of producing or modulating respiratory rhythm under appropriate conditions. The evolution of respiratory mechanisms in vertebrates progresses from aquatic ventilation primarily driven by a buccal force pump to aerial ventilation primarily driven by an aspiration or suction pump (8, 9) . Bearing in mind that there are numerous variations in the mechanisms that underlie the operation of these pumps, several general trends can be recognized.
The first is a switch in the primary muscle groups associated with these two pumps. The buccal force pump operates with branchiomeric and hypobranchial muscles associated with the buccal and pharyngeal cavities. These muscles are innervated by cranial nerves, specifically the trigeminal, facial, and hypoglossal nerves. The aspiration pump is driven primarily by axial muscles associated with the thorax and abdomen and innervated by spinal nerves (10) . A muscular diaphragm is found only in mammals but is, none the less, of axial origin and innervated by spinal motor neurons (84; Fig. 1 ).
The second trend is a caudal shift in the site of the dominant respiratory rhythm generator that excites the primary motor output. In lampreys, elasmobranch and bony fishes that employ a buccal suction/force pump for breathing, the primary pair of respiratory rhythm generators appears to be associated with the trigeminal nuclei, while a secondary pair of rhythm generators are associated with the facial, glossopharyngeal, and vagal motor nuclei (49, 58, 99) . In amphibians, while the basic respiratory pump remains the same, the dominant site of respiratory rhythm generation appears to have been assumed by the more caudal site in the vicinity of the facial, glossopharyngeal, and vagal motor nuclei (127) . In tetrapods (reptiles, birds, and mammals), with the switch to an aspiration pump, the critical sites necessary for respiratory rhythmogenesis now sit in the parafacial region and in the more caudal, paravagal region (the preBötzinger complex) just below the compact region of the nucleus ambiguous (108; Fig. 1 ).
In the case of mammals, it has been suggested that the pre-Bötzinger complex and parafacial complex (the parafacial respiratory group) may interact as one rhythm generator to produce "eupneic" breathing with the former complex being predominant and driving inspiratory activity and the latter complex (which contains a preinspiratory network) driving expiratory activity (23, 63) . Thus, the pre-Bötzinger complex may underlie inspiratory-dominated diaphragmatic breathing in resting mammals, while the parafacial complex may underlie expiratory-dominated, intercostal-abdominal breathing in nonmammalian tetrapods (79) and in mammals under conditions of elevated respiratory drive (Fig. 1) . It has also been suggested that the pontine respiratory group is required to "shape" the respiratory motor output and produce eupneic breathing in mammals (107) , and this group may be homologous to the paratrigeminal site that underlies buccal force pump breathing in lampreys and fishes.
There is evidence to indicate that each of these major sites [paratrigeminal, parafacial, and paravagal (pre-Bötzinger complex)] is capable of producing an independent rhythm in all species under appropriate conditions (78, 108, 113) . If this is the case, it suggests that through evolution there has been a caudal shift in the predominant respiratory rhythm-generating site ( Fig. 1 ), but that all sites are capable of modulating, if not producing, respiratory rhythm.
Expression of a Respiratory Rhythm is Conditional on (Tonic) Input
Studies in fish, birds, and mammals, have shown that forms of artificial ventilation that sustain normal values of arterial PCO 2 and PO 2 without chest wall movement (ram ventilation, unidirectional ventilation, extracorporeal shunts, etc.) produce a complete cessation of breathing, even in conscious animals (21, 51, 87, 88, 91, 97, 98, 114) . In all cases, addition of a tonic respiratory drive (such as elevated PCO 2 or descending input from higher centers, such as the pons) restores a phasic (rhythmic) respiratory output. Consistent with this, some form of tonic drive has always been necessary in models of respiratory rhythm generation, from the original network models of Salmoiraghi and Burns (101) to the most recent models based on attempts to reconcile network and pacemaker properties of the neurons involved (18, 23, 42, 54, 83, 100, 107) . These empirical studies and theoretical considerations have led to the conclusion that in everything from unanesthetized animals to the most reduced preparations, respiratory rhythm is critically dependent on respiratory drive. They also suggest that respiratory neurons in the brain stem operate at a subthreshold level that requires some external stimulus to bring the system to threshold, allowing the expression of respiratory events (21, 24, 51, 87, 88, 91, 97, 98, 114) (Fig. 2) .
Once the Rhythm Is Expressed, It Is Often Episodic
One of the more intriguing observations arising from comparative studies is the nature by which the respiratory rhythm returns after complete cessation of breathing. In some cases breathing starts back slowly but regularly with increases in frequency (due primarily to a reduction in the interbreath interval rather than in the timing of the bursts of respiratory motor output) and depth with increasing drive. In many cases, however, breathing starts back episodically, whereby periods of continuous breathing of varying length (i.e., varying number of breaths) are interspersed with periods of apnea (arbitrarily defined in different ways by different investigators). Increases in drive result in an increase in the size of each episode (number of breaths in each episode) until the pause between episodes is eliminated and breathing becomes continuous (Fig.  2 ). This pattern of breathing has now been observed in species of all classes of vertebrate under various conditions (for a review, see Ref. 25) and/or at certain times in development (12, 26, 34) . The ubiquitous occurrence of this breathing pattern suggests that it is a fundamental property of respiratory rhythm-generating circuits (and perhaps all rhythm-generating circuits, as it is also routinely found in developing spinal rhythm-generating networks of birds and mammals), one that can offer insights into the organization and function of the respiratory rhythm generators. Fig. 2 . A: integrated respiratory motor output of the trigeminal nerve in a frog illustrating buccal oscillations (small deflections) and lung breaths (large deflections) in a unidirectionally ventilated, in situ preparation under conditions of increasing respiratory drive (elevated inspired CO2). B: traces of the integrated trigeminal motor output illustrating the effect of transection of the brain stem at the caudal border of the cerebellum on the breathing pattern. C: a plot of the interbreath interval (n) vs. the following interbreath interval (nϩ1) of a large sequence of breaths in a frog that was breathing episodically. Note that periods of apnea between clusters of breaths tend to be multiples of the interbreath interval of breaths within a cluster (for every episode there will be a longer interbreath interval before the episode and a longer interbreath interval after the episode giving rise to the pattern) (all data from Chatburn J and Milsom WK, unpublished observation).
Episodic Breathing Results from Turning On/Off a Basic Medullary Rhythm and Is Subject to a Hierarchy of Controls
In most intact animals and in situ preparations, the primary controlled variables responsible for producing and regulating episodic breathing are changes in blood gases and lung volume (51, 72, 92, 94, 102) . The primary regulated variable is the apnea between breathing episodes during which O 2 levels fall and CO 2 levels rise (68) . While the broad swing in blood gases between episodes suggests that there are separate thresholds for turning episodes on and off, episodic breathing still occurs in animals artificially ventilated in a manner that prevents chest wall movement and holds pulmonary and arterial blood gas tensions at different constant levels (51, 102, 125) . Since there are no phasic changes in pulmonary or blood gases under these conditions, the generation of breathing in episodes appears to be an intrinsic property of the respiratory control system rather than the result of blood gas fluctuations. Changes in blood gases appear to act more as a drive to regulate the incidence of breathing episodes and something other than fluctuations in blood gases turns the episodes on and off.
Support for this hypothesis comes from the demonstration of episodic breathing in in vitro preparations of isolated brain stem/spinal cords of amphibians, reptiles, and neonatal birds and mammals bathed with superfusates of constant composition (11, 12, 42, 50, 61, 93, 126, 129) (Fig. 2) . The data collected from these studies suggest that the episodic pattern depends on an intact pons/midbrain. Thus, episodic breathing can be eliminated by removal of the midbrain in amphibians in situ (28), by transection of the midbrain in the amphibian, reptilian, and neonatal mammalian brain stem in vitro (25, 28, 41, 74, 77, 92, 129; Fig. 2 ), by superfusion of the mammalian pons with low Ca 2ϩ /high Mg 2ϩ in vitro (25) , by lesion of the parabigeminal region in fish in situ (47; O'Neil A and Milsom WK, unpublished observation), and by lesion of the parabrachial/Kölliker-Fuse region in hibernating mammals in vivo (Harris MB and Milsom WK, unpublished observation). In all cases, the normally episodic pattern is replaced by a lower frequency pattern of evenly spaced breaths. The remaining rhythm is slower in frequency than that seen within the episodes prior to transection suggesting that the pons/midbrain provides positive and negative modulation of the rhythm generators in the medulla in an alternating fashion that produces both tight breath clustering within an episode as well as the prolonged apnea between episodes (Fig. 2) .
Despite the strong evidence just presented for the role of the pons/midbrain in the production of episodic breathing, similar patterns can be obtained from reduced preparations of the medulla alone. In anurans, in which a transection separated the isthmus from the medulla, it was found that episodic-like respiratory patterns returned over time although the resulting motor output pattern consisted of prolonged episodes that were less discrete and inconsistent in size and incidence (Chatburn J and Milsom WK, unpublished observation). It has also been shown that episodic breathing will still occur in neonatal rodent preparations in the absence of the pons when the bath temperature of the isolated en bloc preparation is reduced (64) or after opioid administration (63) . The latter data were interpreted to indicate that the apneas were produced when input from the preinspiratory neurons in the parafacial respiratory group failed to provide sufficient drive to bring the pre-Bötzinger complex to threshold (39, 63) . Consistent with this, episodic patterns were not seen in brain stem slice preparations in which only the areas immediately surrounding the pre-Bötzinger complex were left intact, even at reduced temperatures (63; Milsom WK, Lorier A, and Funk GD, unpublished observation).
Thus the data to date (from frogs, embryonic chicks, mice, and neonatal rats) suggest that the fundamental medullary rhythm is one of uniformly spaced breaths and that episodes are produced by promoting and inhibiting the expression of this basic rhythm. It appears that this excitation/inhibition can occur at multiple "hierarchical" levels of control.
The episodes appear to be produced by quantal expression of a fundamental rhythm (1, 63, 93, 121) ; that is, all apneas between episodes of breathing are integer multiples of the interbreath interval within the episodes (Fig. 2) . Episodes arise from "skipping" breaths, and this appears to be the case for intact animals as well as for reduced preparations with and without the pons/midbrain attached (1, 93, 121) , i.e., at all levels within the hierarchy of control. One of the more intriguing conclusions that arises from this observation is that there must be a fundamental rhythm that continues at some level within the primary rhythm-generating circuit even when the rhythm is not expressed (82) .
All Breathing Patterns Reflect Differences in Pulmonary Mechanics That, in Turn, Result from Differences in Body Wall and Lung Architecture Associated with Differences in Metabolic Demand and Nonrespiratory Constraints
From the perspective of pulmonary mechanics, the design of vertebrate respiratory systems has been subject to two major sets of constraints. The first is the need to satisfy the primary function of the gills and lungs as organs of gas exchange, which vary directly as a function of metabolic demands. The second set of constraints arises from the need to satisfy other physiological, environmental, and behavioural demands. For example, the long, thin bodies of snakes and the rigid shells of turtles both minimize chest wall expansion and place constraints on the design of the respiratory pump (66) . The hydrostatic pressures encountered by diving animals place constraints on the structure of their lungs and chest walls (56) . Modifications associated with vocalization or buoyancy control in many species place constraints on the development of the lungs and respiratory passages. Despite this, the respiratory systems of all air breathers, from amphibians to mammals, and spanning seven orders of magnitude in size, are powered by similar changes in transpulmonary pressure (56) .
The forces that must be overcome to generate breathing vary from species to species as a function of the degree of partitioning of the lung (and hence the flow-resistive forces opposing air flow) and the compliance of the lungs and body wall (and hence the elastic forces opposing lung/chest wall expansion). The balance of these forces establishes the resting lung volume when the airways are open and all muscles are relaxed. Overcoming these forces determines the minute work or power required for ventilation. Given the vast differences in the relative contributions of elastic and nonelastic forces arising from the lungs and body wall to the work of breathing (65; Fig. 3 ), the optimal pattern of breathing and the optimal way of increasing ventilation with increasing respiratory drive (breathing frequency, tidal volume, or both) are each species specific.
The mechanical work of breathing is size independent within any group but one to two orders of magnitude greater in mammals than birds and reptiles. It has been suggested that this may account for the presence of a muscular diaphragm in mammals (84, 85) . The oxidative cost of breathing is roughly the same in those few vertebrate species that have been studied. Relative to resting metabolic rate, however, the cost may be greater in the lower vertebrates simply because the costs of all other functions may be disproportionately lower.
Episodic Breathing May Be an Adaptive Phenomenon
It has been suggested that episodic breathing patterns, in which the interbreath interval is the primary regulated variable, also minimize the mechanical work of ventilation by sustaining an optimal balance of tidal volume and instantaneous breathing frequency (i.e., optimal air flow velocities). For animals, where continuous breathing is not required to meet metabolic demands, it may be mechanically most efficient to intersperse breathing at an optimal volume and rate with apneic pauses that are produced by skipping multiple breaths as described in (17, 68) . It has also been suggested, from studies of episodic breathing in insects, that episodic breathing patterns are an adaptive means for water conservation and a strategy for enhancing gas exchange (by increasing diffusion gradients at the end of the apnea: the chthonic hypothesis) (89) and/or a mechanism for minimizing tissue O 2 levels to minimize damage from O 2 -derived free radicals (oxidative damage hypothesis) (7, 37) .
Episodic Breathing Results from Turning On/Off a Basic Medullary Rhythm and Is Subject to a Hierarchy of Controls

Different Species Use Different Combinations of Upper and Lower Airway Receptors to Protect Airways, Reduce Dead Space Ventilation, Enhance Gas Exchange Efficiency, and Reduce the Cost of Breathing
Because of anatomical differences in chest wall compliance (ranging from the rigid shell of turtles to the extremely compliant chest walls of marine mammals) and airway resistance (ranging from the open saccular lungs of frogs to the highly subdivided alveolar lungs of mammals) the specific mechanical stimulus used by pulmonary stretch receptors for monitoring the rate and extent of lung inflation (changes in volume, pressure, or wall tension) appears to vary between vertebrate groups (3, 60, 65, 67, 103, 118) . Thus, despite dramatic differences in the mechanical events associated with ventilation arising from different respiratory pumps in different vertebrate groups, phasic input from gill/pulmonary mechanoreceptors acts to stabilize the respiratory pattern and may be instrumental in optimizing the breathing pattern in terms of ergometric costs (22, 62, 81) . Their input also serves many other roles, particularly in lower vertebrates, such as maintaining the integrity of the gill curtain in fish or buoyancy control and regulation of blood flow distribution in reptiles, and these roles may be as, if not more, important than their role in modulation of the respiratory rhythm (67) .
In many species of air-breathing vertebrates, CO 2 -sensitive airway receptors also play an important role in ventilatory control. In ectotherms, olfactory receptors often inhibit breathing and prolong breath holding when environmental CO 2 levels are high (13) (14) (15) 29) . CO 2 /H ϩ sensitive pulmonary receptors (intrapulmonary chemoreceptors and pulmonary stretch receptors) regulate breathing patterns in all air-breathing vertebrates in a manner that reduces dead space ventilation and enhances the efficiency of CO 2 excretion under conditions of environmental hypercarbia, and/or reduces CO 2 loss from hyperventilation preventing hypocapnia (20, 27, 43, 70) . The great CO 2 sensitivity of intrapulmonary chemoreceptors may allow them to also serve as a venous CO 2 receptor, at least transiently when levels of metabolically produced CO 2 begin to rise (19) ; prevent alkalosis during hyperpnea/polypnea (80); and may have contributed to the evolution of the extremely thin air/ blood barrier and increased diffusion capacity associated with the rigid avian lung (69) . The occurrence of environmental hypercarbia is rare, however, and the biological significance of these responses is still not clear.
There Has Been a Reduction in the Distribution of Peripheral O 2 Chemoreceptors Involved in Respiratory Control From Multiple, Dispersed Sites in Fish and Amphibia to a Single Dominant Receptor Site in Birds and Mammals
There has been a trend to reduce the distribution of peripheral O 2 chemoreceptors from multiple, dispersed sites in fish and amphibia toward a single dominant receptor site in birds and mammals. While still highly speculative, this latter trend would appear to be correlated with two events. The first is the transition from aquatic respiration and bimodal breathing (where the ability to sense O 2 at multiple sites, including the external environment, would be an advantage) to strictly air breathing. Thus there is a reduction from chemoreceptors associated with all four gill arches as well as the orobranchial cavity in fish that sense the O 2 levels of both water and blood, to an association only with the carotid artery in mammals monitoring O 2 levels in blood flowing to the brain (30, 71, 86) .
The second possible event leading to a reduction in the distribution of O 2 chemoreceptors from multiple, dispersed sites to a single dominant receptor site is the transition from animals with intracardiac shunts to animals with no intracardiac shunts. In amphibia and reptiles with well-developed intracardiac shunts, increases in arterial oxygen transport can be achieved by both reducing the degree of cardiac shunt as well as increasing ventilation. The latter will be particularly true when arterial PO 2 falls due to increased metabolism rather than decreased inspired oxygen. Having multiple O 2 receptors at appropriate sites may allow these species to make changes that most effectively increase oxygen transport under different conditions. Thus, those receptors associated with the second and fourth gill arches in fish become associated with the aorta and pulmonary arteries in amphibians and reptiles. They appear to be capable of sensing changes in oxygen content as well as partial pressure of the blood going to and coming from the lungs, and become primarily involved in regulating oxygen transport capacity (O 2 delivery) through changes in cardiac shunting (122) (123) (124) . In birds and mammals, respiratory control is much less flexible (one exchange site that must receive the total cardiac output) and it would appear that under these conditions efficient control can be achieved with chemoreceptive information from a single source. Thus, oxygen receptors associated with homologous structures to the first gill arch of fish appear to become the primary respiratory O 2 chemoreceptor, while those associated with structures homologous to the remaining gill arches take on a secondary role and/or become more involved in cardiovascular reflexes. In mammals, the receptors associated with the aorta become the aortic bodies, still sensing changes in oxygen content as well as partial pressure of the blood, but are now primarily involved in regulating oxygen transport capacity (O 2 delivery) (16, 36; Fig. 4) .
The basic O 2 -sensing mechanism appears to be the same for all receptor cells in all groups of vertebrates (44, 45) . The putative cells in the fish gill associated with O 2 chemosensing (5-HT containing neuroepithelial cells) (45, 115) , often found in association with ACh-containing cells (Ciuhandu C, Coolidge E, and Milsom WK, unpublished observation), are replaced by the chromaffin/glomus cells of the mammalian carotid body (which contain multiple putative neurotransmitter substances, including 5-HT, catecholamines and ACh, all within the same cells) (105) . All are derived from the neural ectoderm (neural crest derivatives). While there is still too little data to speculate about how such a transformation (neuroepithelial cells to chromaffin cells) may have come about, the observation that chemoreceptor cells within the mammalian carotid body exhibit a continuous gradation in a number of immunocytochemical, neurochemical and electrophysiological properties (33) suggests that similarities between the groups may be greater than differences.
Central CO 2 /H ϩ Chemoreceptors May Have Evolved Multiple Times as a Second Line of Defense
Respiratory chemoreceptors responsive to changes in PCO 2 /pH are also present in all vertebrates from fish to birds and mammals (31, 32, 68) . CO 2 /pH chemoreceptors appear to have arisen first in the periphery sensitive to the external environment. Thus, chemoreceptors in fish reside primarily in the gills and respond to changes in aquatic rather than arterial PCO 2 (30 -32, 86) . In the air-breathing amniotes, the branchial arches regress developmentally and their arteries are now exclusively internal. The receptors associated with these arteries now sense only arterial (not environmental) PCO 2 /pH. Whether this is associated with a translocation of the receptors from the epithelial surface to the endothelium is not clear. Central CO 2 /H ϩ chemoreception also arises in the air-breathing amniotes, presumably as a second line of defense. These receptors may have arisen multiple times in association with several (but not all) of the independent origins of air breathing in fishes, although only the data for the lungfish (the Sarcopterygians) are convincing thus far (31, 32) . There is strong evidence for multiple central sites of CO 2 /H ϩ sensing in amphibians and mammals, suggesting that it may not only have originated multiple times in different species but also multiple times within a single species (75, 76, 120) . It also appears that the mechanisms of CO 2 /H ϩ chemotransduction may be as varied as the different receptor groups involved (for reviews, see Refs. 31 and 69).
Central O 2 Receptors May Have Evolved As a Second Line of Defense
Central O 2 chemoreception may have arisen also in the air-breathing vertebrates as a second line of defense, although the evidence in support of this is more equivocal. While the ventilatory response to hypoxia is completely eliminated by gill denervation in some species of fish (71), it is not in others (2, 38, 73, 104, 116, 117) . In a few cases, the remaining response can be attributed to extrabranchial receptors sensing changes in aquatic O 2 (presumably elsewhere in the orobuccal cavity) (73, 116, 117) ; but in the remainder, more or less by default, it is concluded that the response most likely arises from stimulation of O 2 -sensitive sites within the central nervous system (2, 104) . Direct evidence for such receptors, however, does not exist. There is also no evidence of central O 2 sensitivity of respiratory processes in the isolated brain stems from water breathing, premetamorphic, amphibian tadpoles (128) . However, the isolated brain stems from postmetamorphic and adult frogs do produce a biphasic response to hypoxia characterized by a significant increase in episodic breathing leading ultimately to a reversible cessation of respiratory activity. Severe hypoxia in these preparations also leads to a significant increase in nonrespiratory bursting (128) . As these preparations are devoid of any peripheral inputs, these responses must arise from the direct effects of hypoxia on brain stem neurons. The only other studies to date that address this issue have been performed on mammals. Many carotid bodydenervated mammals retain or regain an hypoxic ventilatory response (6, 59, 109) and while these responses could arise from the aortic bodies, they could also arise from central O 2 chemoreceptors. In an elegant series of experiments in awake goats it was shown that if the peripheral input from the carotid bodies was simply held constant (using an isolated carotid body perfusion technique) rather than removed (by denervation), moderate levels of brain hypoxia caused a net stimulation of ventilatory motor output (106) . Severe central hypoxia, however, produces a biphasic change in respiratory output consisting of gasping-like activity, followed by cessation of respiratory output. Recent studies indicate that this can arise from the direct effects of low O 2 on the pre-Bötzinger region of the brain stem both in in vivo (110, 111, 112) and in vitro transverse medullary slice preparations (83, 90, 119) . Thus, at the moment, this potpourri of data suggests that central O 2 cemoreceptors may have arisen in air-breathing vertebrates and, importantly, may have taken on a significant role in modulating ventilation in moderate hypoxia and in generating the activity required to resuscitate breathing during severe hypoxia (111, 128) . This is a highly speculative idea that is certainly worthy of further investigation.
Conclusion
The foregoing is a very personal and speculative view of the evolutionary trends that are present across the vertebrate classes. Much of the speculation arises because of lack of data and is indicative of the need for further studies. It must also be kept in mind that all of these individual trends described above occur in concert and one must be careful to interpret all differences in the context of the whole animal and the environment in which it lives. The literature is rich with the details of comparative studies of respiratory structure and function that outline the diversity of existing solutions to the different sets of constraints imposed on different species. There is far less known about the mechanisms controlling these functional processes, and hopefully this review will help excite further studies to unravel them.
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